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. A COLLISIONAL-RADIATIVE MODEL AND SAHA DECREMENTS hadas
FOR A NONEQUILIBRIUM OXYGEN PLASMA 2
b
I. INTRODUCTION n
ot
At
1
\]
When air is heated and becomes highly ionized, the e
7, =
primary constituents consist of nitrogen, oxygen and their cﬁ?
.:.._
ions. Emissions from this plasma provide diagnostic ;*i

3
CRCS

information as well as contribute to cooling the plasma. To

describe such a plasma under nonequilibrium conditions one

o Al

»
)
r

must know the population densities of various excited Ei}
states. Previously, we developedl’2 a collisional-radiative #f;
model for nitrogen and its ions to provide this information ’Qé
for electron temperatures Te = 1-3 eV and electron densities iﬁ%
Ne > 1.0 x 1016 cm'3. In this report we extend the model to ;f;
oxygen and its ions over the same electron temperature and :;?

density regime, thereby providing the basis for a

r.'.": 3
collisional-radiative model for air at these temperatures i

and densities.

The model was motivated by the earlier work of Bates et
al.:‘l_6 on hydrogen and hydrogenic ions. 1In contrast to
Bates et al. we solve the time dependent rate equations
explicitly, for a fixed electron temperature, and calculate
effective collisional-radiative recombination and ionization 1;3
coefficients from the steady state results. The final state

populations are compared to those expected if Saha

equilibrium conditions are satisfied, giving a quantitative

Manuscript approved March 31, 1986.
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N measure of the extent to which the plasma is in LTE. A
comprehensive description of the model can be found
b elsewhere.l'2
t The computations in this report are for an optically
. thin oxygen plasma and an optically thick case where bound-
§ bound uv radiation is totally reabsorbed.
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II. COLLISIONAL-RADIATIVE MODEL

A. Energy Level Model
For electron temperatures in the range 1-3 eV the
important ions are o and 0™". we have included in our
calculation the lowest 17 levels for O I, the lowest 15
levels for O II, and two representative levels for O III.
Details are presented in Tables 1 through 3.

Within this model the bound-bound radiation is listed
in Table 4; each transition is described by its wavelength,
the number given by Wiese et al.7, spectral character,
transition index (e.g., 6+ - 1+ denotes emission from level
6 to level 1 in 0%), and transition energy. This table
shows, for example, that visible emission comes from both O

and 07. Therefore, one expects this radiation to be

important as soon as excited O is produced. RO
The threshecld values (excitation energies) for &
free-bound radiation are listed in Table 5. flﬁ:
o

B. Collisional and Radiative Processes
The coupled rate equations which describe the
evolution of the oxygen plasma include the following
collisional and radiative processes: collisional excitation

and de-excitation of O and O+, collisional ionization of O

+

and 0, two-body and three-body recombinatiocn of o* and o**,

C o + : -
and spontaneous emission from O and O excited states. For

the optically thin plasma photo-ionization and absorption

- U l. - " *
o
s

are excluded. For the optically thick case complete
absorpticn is assumed for the uv lines, while photo-

ionization and absorption of the other lines are neglected.
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The rate coefficients for these processes are computed
using formulas analogous to those discussed in references
(1,2] for the nitrogen plasma. They represent the most
recent information available and where possible are scaled

to experimental data. 1In addition, electron impact

2 R s s 2 5 VEERE

L

excitation coefficients for transitions amongst the ground

et 2

state configurations of O and ot are discussed by Ali et

al.8

k=
2

X

The coupled rate equations are also modified to account

A

for the reduction in ionization potential that occurs when

LS

an electron-ion pair resides in a plasma as opposed to an
isolated environment. This effect is discussed in detail by

Gtiemg; our modifications are discussed in references [1,2].

cC. Collisional-Radiative Coefficients
The collisional-radiative recombinaticon and
ionization coefficients account for the net effact of
collisional ionization, three-body recombination, and

radiative recombination in a simple way. Denoting a2 and

Cr
GER as the effective recombination coefficients for O+ -> 0

and 0** -> 0% and SER and SER as the effective ionization

coefficients for the reverse processes, the rate equations

++

for 0, 07, 0™, and Ne may be written compactly as

= Ne 0 «8_ - Ne 0 s°

do

dt CR CR (1)
do* N + 0 o] ++ o+ + o 2
ag = -~ Ne o} @cg * Ne © sCR + Ne O Cep T Ne O SCR (2)
ao*t + .+ ++  +

ar - Ne © SCR - Ne © %en (3)
%%e = Ne O sga + Ne 0F sER - Ne 0o agR - Ne o** aER (4)
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The steady state values of the coefficients are presented in
Tables 6 - 9 for the thin case and 10 - 13 for the thick
case as a function of the final electron density and
electron temperature. Te is kept constant throughout the
integration while Ne and the rest of the species evolve in
time.

The coefficients reveal the same behavior seen in the
nitrogen cases. At high electron densities the
recombination coefficient is linearly proportional to Ne, a
consequence of the dominance of three-body recombination
over two-body for Ne > 1018 cm-3. For lower electron
densities the effective coefficient approaches the two-body
value. There is very little difference between the
optically thin and thick recombination results. The
optically thin collisional-radiative ionization coefficients
show a rapid rise with Ne for low electron densities

(Ne < 1017 cm-3) and a slower rise for higher densities

{Ne > 1018

cm'3) while approaching saturation. For high
electron densities the optically thin and thick ionization
coefficients are comparable, in this region the plasma is
collision-dominated. However, at low densities the
optically thick ionization coefficients exceed the thin
values by as much as an order of magnitude if the
temperature is low (e.g. Ne = 1016 cm'3, Te = 1.0 eVv).

These are the first calculations of collisional-
radiative coefficients for oxygen which use a time dependent
approach. Contrasting these results to those of
nitrogenl’z, it is seen that at low temperatures the neutral

racombination and ionization coefficients £for oxygen are

approximately a factor of 5 larger than those for nitrogen

[4]]
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for both thin and thick cases. This occurs because the
slope of the ionization cross section near threshold is
higher for oxygen and the ionization potential is lower by

10 The ionization coefficients for O

approximately 1.0 eVv.
are less than those of N* for both thin and thick cases.
This results because the ionization potential for NT is
approximately 5.5 eV less than that for ot. The

recombination coefficients for O are also less than the

. +
corresponding N values,




III. SAHA DECREMENTS

When collisional transition rates exceed the
corresponding radiative transitions the plasma is
collision-dominated. It is then possible to specify the
populations of the constituent species by using the
Boltzmann-Saha equation at the local electron temperatureg.
This corresponds to a state of LTE, the onset of which

1,2

depends on Ne and Te. For example, it was found that for

-3 for Te =

a nitrogen plasma LTE is valid for Ne > 1018 cm
1-3 ev. The Saha decrement proves to be a useful
gquantitative measure for the onset of LTE. 1In particular,
the Saha decrement is defined as the ratio of the level

population computed from solving the rate equations,
z-1

o] (n), to the population obtained by solving the Saha
equation for each stage of ionization, O:°l(n). The

specific level is indicated by the index n and z-1

corresponds to the ionization stage (z=1 for neutral, 2z>1

for ions). The Saha decrement is given by
z-1 0%t (n)
) (n) = =1 (S)
0g “(m)

As a working criteria9 equilibrium is achieved when the

relevant Saha decrements are within 10% of unity.

The Saha decrements fof an optically thin oxygen plasma
for Te = 1-3 eV are presented in Figs. 1-20. The results
show the following: First, for any given Te, as the number
of electrons increases equilibrium is achieved for excited

O I states before excited O II states and, as expected, for
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the excited neutral and ionic states before the ground
states. The onset of equilibrium depends only weakly on Te

for oxygen. All O states are in equilibrium for
Ne > 2.0 x 1018 cm"3 for the temperatures of interest.
Excited O states are generally in equilibrium for

Ne > 2.0 x 10%7 cm-3, or slightly larger if Te = 1.0 eV.

9

Griem” and others require that the electron de-excitation

rate of the resonance line must exceed ten times the
radiative decay for LTE to exist. For the oxygen atom the

5 - 1 transition (see Table 4) satisfies this cr.teria for

Ne > 2.7 x 1018 cxn'3 for Te = 1.0 ev. For oOF equilibrium is

not attained until Ne > 6.0 x 10-3 cm°3; the highly excited

-3

states require Ne > 2.0 x 1018 cm

«f .. "
-----------
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IV. CONCLUDING REMARKS ook

?.‘3.» ’

The recombination and ionization processes for an .;5:

optically thin, homogeneous, charge neutral oxygen plasma g§$

have been studied for electron densities between 1016 cm"3 %5%‘

and 101% cm™3 and electron temperatures from 1.0 eV to 3.0 &§E‘

eV. Effective collisional-radiative recombination and iﬁi

‘ ionization coefficients are calculated for both the ;;ﬁ
b optically thin case and a case where all bound-bound uv Eﬁg:
, lines are assumed to be optically thick. These coefficients ;ﬁ&i

b describe the net recombination and ionization and may be I!Ei
' used in sophisticated plasma chemistry simulation codes. Zf :
Detailed results are presented showing the deviation of ig-:

all population densities for all states within our model ‘%;z

from those expected if Saha equilibrium conditions wer:e

satisfied. It has been shown that for electron densities

greater than 6.0 x 1018 cm-3 a state of complete local

thermodynamic equilibrium exists whereas exited states may ﬁﬁi:
be in equilibrium, collision-dominated, for electron ?;f
densities as low as 2.0 x 10°8 cm™3. Coupled to the !

results for a nitrogen plasma this has implications for

."".'l "n'.

simplifying the description of radiative transfer in heated 'ﬁﬁ
RN

air, in the manner discussed in references (1,2]. B
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TABLE 1 RR
Energy Levels for O I Ef“
v
Index State Configuration( 1s22s2) Energy(eV) Weight : 4;
1 3p 2p¢ 0.01 9 AR
2 1y 2pt 1.97 5 S
3 ls 2p¢ 4.19 1 L
4 Sg° 2p3(45%)3s 9.15 5 s
5 3g0 2p3(%5%)3s 9.52 3 EE%E
6 Sp 2p33p 10.74 15 i
7 3p 2p33p 10.99 9 e
8 5g0 2p3(%5%)4s 11.84 5 eods
9 3g0 2p3(45°)4s 11.93 3 o
10 5p° 2p3(4s5%)34 12.08 25
11 3p° 2p3(45°) 34 12.09 15 S
12 ) 2p3(%45%)4p 12.29 15 e
13 3p 2p3(4s%)4p 12.36 9 ey
14 3p0 2p3(%p%)3s 12.54 15 T
15 350 2p3(%59) 55 12.66 5 o
16 3g0 2p3(%5%) 55 12.70 3 A,
17 1po 2p3(2

p%)3s 12.73 5 AN
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TABLE 2

Energy Levels for 0 II

Index State Configuration(lsz) Energy(eV) Weight
1 4g0 2s22p3 0.0 4
2 2p0 2s22p3 3.32 10
3 2p0 2s22p3 5.02 6
4 4 2s2p? 14.87 12
5 2y 2s2p? 20.58 10
6 4p 2s%2p2(3p) 35 22.99 12
7 25 2s%2p2(3p)3s 23.43 6
8 25 2s2p? 24.26 2
9 250 2s%2p2(3p)3p 25.28 2

10 450 2s%2p2(3p)3p 25.65 20

11 25 2522p2(1p)3s 25.66 10

12 4po 2s5%2p2(3p) 3p 25.84 12

13 2po 25%2p2(3p) 3p 26.24 10

14 4g0 2s%2p2(3p)3p 26.30 4

15 250 2s522p2(3p) 3p 26.56 6
TABLE 3

Energy Levels for 0 III
2

Index State Configuration(1s®) Energy(ev) Weight
1 3p 2s22p2 0.0 9
2 3po 2s2p3 14.86 15
11
R R T e e
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TABLE ¢4

i Radiative Transitions (Bound-Bound)
N Wavelength(ﬁ) #(Ref.[7]) Spectrum Index Energy(eVv)
L 539.4 5 uv 6+ - 1+ 22.99
3 555.1 8 uv 11+ - 2+ 22.34
t 600.6 9 uv 11+ - 3+ 20.64
616.6 6 uv 7+ - 2+ 20.11
> 644.2 4 uv 8+ - 3+ 19.24
:: 673.2 7 uv 7+ - 3+ 18.41
" 718.5 2 uv 5+ - 2+ 17.26
796.7 3 uv 5+ - 3+ 15.56
b 833.8 1 uv 4+ - 1+ 14.87
A 989.5 3 uv 14 - 1 12.53
1026.6 8 uv 11 - 1 12.08
1152.2 4 uv 17 - 2 10.76
1303.5 2 uv 5 -1 9.51
3735.9 73 uv 14+ - 6+ 3.31
- 3947.3 25 vis 12 - 4 3.14
3966.9 30 vis 15+ - 7+ 3.13
4341.3 79 vis 12+ - 6+ 2.85
4368.3 26 vis 13 - 5 2.84
4418.1 28 vis 13+ - 7+ 2.81
4651.5 23 vis 10+ - 6+ 2.66 iy
6455.0 37 vis 15 - 6 1.92 S
; 6694.4 75 vis 9+ - 7+ 1.85 L
(. 7254.4 38 vis 16 - 7 1.71 R
) 7773.4 11 ir 6 - 4 1.59 ﬁ;é
7989.9 27 ir 14 - 7 1.55 Y
2 8446.5 12 ic 7 -5 1.47 BN
5 9263.9 28 ic 10 - 6 1.34 g
- 11287.0 29 ir 11 - 7 1.10 i%;
2 11299.0 30 ir 8 - 6 1.10 ron
2 13164.0 31 ir 9 - 7 0.94 e
:' %..‘.:
) e
N
12 R




TABLE 5

Radiative Transitions (Free-Bound Thresholds)

Wavelength(g)

353.2
353.32
390.12
412.17
421.99
482.41
665.49
732.31
743.73
828.19
857.99
910.95
1023.78
1062.38
1262.53
1311.96
1313.35
1338.88
1399.32
1408.86
1451.76
2773.60
2817.73
2944.89
3023.90
4304.86
4714.07

Spectrum

uv
uv
uv
uv
uv
uv
uv
uv
uv
uv
uv
uv
uv
uv
uv
uv
uv
uv
uv
uv
uv
uv
uv
uv
uv
vis
vis

13

Index

les
24+
1++
l++
24+
2++
3+
2+
3+
2+
3+
1+
l++
l++
l++
1++
l++
l+s
1++
1++
1++
1+
2+
2+
1+
1+
1+

Energy(eV)

35.10
35.09
31.78
30.08
29.38
25.70
18.63
16.93
16.67
14.97
14.45
13.61
12.11
11.67
9.82
9.45
9.44
9.26
8.86
8.80
8.54
4.47
4.40
4.21
4.10
2.88
2.63




TABLE 5 (Cont’d)
Radiative Transitions (Free-Bound Thresholds)
Wavelength(g) Spectrum Index Energy(ev)
6965.17 vis 1+ - 8 1.78
7336.09 vis l+ - 9 1.69
8050.65 ir 1+ - 10 1.54 ,‘*
8103.27 ir 1+ - 11 1.53 oy
9321.80 ir 1+ - 12 1.33 =
9839.69 ir 1+ - 13 1.26 -
12914.58 ir 1+ - 15 0.96
13476.09 ir 1+ - 16 0.92
14
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Ion

Collisional-Radiative Recombination Cocefficients
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TABLE 8

Collisional-Radiative Ionization Coefficients

Optically Thin (All Wavelengths)

Neutral

.5
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TABLE 10

Collisional-Radiative Recombination Coefficients
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Pig. 1. Saha decrements, Te=1.0 eV. The initial order £from
top to bottom is p(1,2,3), p(4,6,8) and p(5,7).
p(1,2,3) denotes p(l)=p(2)=p(3) to the resolution
of the figure.
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Fig. 2. Saha decrements, Te=1.0 eV. The initial order from
top to bottom is p(10), p(12-16), »(9,11) and
p(17).
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Fig. 3. Saha decrements, Te=1.0 eV. The initial order from ;_{;,:,L]
top to bottom is o%(1,2,3), o*(7), 2¥(6), 2T (4), o

2*(5) and o*(8). g
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Fig. 4. Saha decrements, Te=1.0 eV. The initial order from
top to bottom is p¥(9), o7(13), sT(15), pT(11),
p7(10), »7(12) and o*(14).
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Fig. 5. Saha decrements, Te=1.5 eV; as in Fig. 1.
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Fig. 7. Saha decrements, Te=1.5 eV. The initial order from
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Fig. 8. Saha decrements, Te=l.5 eV. The initial order from
top to bottom is p*(9), 0¥ (13), o%(15), o*(11),
07(10,12) and 5% (14).
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Fig. 9. Saha decrements, Te=2.0 eV. The initial order from
top to bottom is p(1,2,3) and p(4-8).
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Fig. 10. Saha decrements, Te=2.0 eV.
top to bottom is p(9-17).
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Fig. 12. Saha decrements, Te=2.0 eV; as in Fig. 8.
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Fig. 13. Saha decrements, Te=2.5 eV; as in Fig. 9.
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Fig. 14. saha decrements, Te=2.5 eV. The initial order from
top to bottom is p(17) and p(9-16).
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Fig. 15. saha decrements, Te=2.5 eV; as in Fig. 7.
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Fig. 18. Saha decrements, Te=3.0 eV; as in Fig. 14.

-
.

-

AR
v

VusANeS
e 4
X

ERis

X ‘h.'l‘

\

N LR AN
: N
‘_: 40 SN




] Illlll[ ] IlJ_lllJ S R

1017 1018 1019
NE

Fig. 19. Saha decrements, Te=3.0 eV; as in Fig. 7.
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